This study documents how settlement of juvenile Atlantic cod (Gadus morhua) in the Barents Sea affects otolith growth and morphology. A simple method to objectively discriminate between age 0 and age 1 cod sampled in late summer was demonstrated by using only two otolith morphometric descriptors: area and perimeter. In the pre-settled 0-group cod, otolith lobe formation clearly increased with fish size, resulting in high otolith crenulation. This trend was disrupted during settlement, resulting in noticeably less crenulated otoliths of the settled 1-group cod sampled in winter. Combined observations of otolith shape, fish size, and body condition suggest that environmental factors associated with settlement during autumn, particularly reduced food intake, directly affect lobe formation leading to less crenulated otoliths. Comparably reduced body condition and otolith crenulation of 0-group cod in bottom trawls (vs. pelagic trawls) may indicate early settlement or vertical exploratory behaviour in the Barents Sea Ecosystem Survey (in August-September) and, thus, an underrepresentation of 0-group cod from pelagic trawling.
Introduction
The Barents Sea (BS) Atlantic cod (Gadus morhua) is one of the most important commercial fish stocks in the North Atlantic and currently represents the largest stock of Atlantic cod (Ottersen et al., 2014) . Large fluctuations in stock size and recruitment (Kjesbu et al., 2014) highlight the importance of reliable abundance estimates at an early stage, i.e. pelagic post-larval cod (hereafter called 0-group cod) (Sundby et al., 1989) . BS cod 0-group indices provide an early indication of the level of recruitment (Dragesund and Olsen, 1965; Dragesund et al., 2008) and are, therefore, used in recruitment variability studies (Ottersen and Loeng, 2000) and considered in recruitment models (ICES, 2016) . Knowledge of ontogeny, behaviour, and ecology of 0-group cod, combined with environmental factors influencing growth and survival, constitute, therefore, highly important input for proper stock management as well as for assessing energy transfer through the Barents Sea ecosystem (Eriksen et al., 2011) , where cod is an important apex predator (Steneck, 2012) .
A critical event for 0-group cod, like for many other marine demersal fish species, is when juveniles settle to the bottom where they must compete for food and suitable habitats (Hüssy et al., 2003a) . Unlike the Norwegian coastal (NC) (Salvanes et al., 1994) or Baltic (Hüssy et al., 2003a) cod stocks that settle in relatively shallow nearshore benthic habitats, the BS cod juveniles descend from relatively warm surface waters to the dark and cold deepwater bottom (Ottersen et al., 2002) with vastly different diet composition and prey accessibility (Ponomarenko, 1965; Bergstad et al., 1987; Dalpadado and Bogstad, 2004) . The 0-group BS cod have been reported to settle in September-October (Dragesund and Olsen, 1965; Bergstad et al., 1987) or even closer to winter (Sundby et al., 1989; Hylen et al., 2000) . However, since growth and ontogeny influence the timing of settlement, spatiotemporal settling dynamics are likely to vary between years (Salvanes et al., 1994; Bastrikin et al., 2014) . These variations may influence growth and survival, but also challenge the survey design for monitoring the pelagic BS 0-group cod (Dingsør, 2005) . Several studies of cod populations collectively show that neither timing nor size at settlement can be generalized (NC cod: Salvanes et al., 1994; Northwest Atlantic cod: Tupper and Boutilier, 1995; Baltic cod: Rehberg-Haas et al., 2012; North Sea cod: Bastrikin et al., 2014) . Variations may be attributed to the wide geographical distribution of North Atlantic cod stocks resulting in a diversity of physical and biological environments and different life histories (Brander, 2005) , but also stock genetics may play an important role, i.e. of settlement depth preferences (Fevolden et al., 2012) .
Otoliths are not only essential in ageing fish (Campana and Thorrold, 2001 ), but also in providing information on individual growth rates throughout life (Colloca et al., 2003) and timing of critical life history events such as settlement (Rehberg-Haas et al., 2012) . Despite a general strong correlation between somatic growth and otolith growth, changes in temperature and food consumption may lead to a decoupling of this relationship (Neat et al., 2008) . For the same reasons, a decoupling in otolith growth may be triggered by settlement, shown in Baltic cod (Hüssy et al., 2003b) , challenging the reliability of backcalculation techniques (Campana and Neilson, 1985) and emphasizing the importance of understanding settling dynamics. Change in otolith shape during settlement has also been attributed to shifts in temperature (Villegas-Hern andez et al., 2008) , depth (Gauldie and Crampton, 2002) , and food consumption (Hüssy, 2008) in a wide range of species. This introduces the possibility of using otolith shape to infer settlement in fish. Because otolith shape is stock-specific in many species, including Atlantic cod (Cardinale et al., 2004; J onsd ottir et al., 2006; Stransky et al., 2008) , the impact from settlement on otolith shape ontogeny may appear different between cod stocks. Altogether, this highlights the need for studies of settling dynamics explicitly on the high-latitude BS cod stock.
In this study, we will examine how settlement of 0-group BS cod affects otolith shape, somatic body growth, and condition, and specifically we aim to elucidate how basic otolith morphometric parameters may be used to discriminate between age 0 and age 1 cod. Moreover, by comparing 0-group cod from pelagic and bottom trawl catches, we will use otolith shape, fish size, and body condition to infer the extent of potential settling behaviour already in August-September.
Material and methods

Sampling effort and methods
In total, 3138 juvenile cod were sampled in the Barents Sea as part of two survey series: the Barents Sea Ecosystem Survey (BESS) conducted in August and September, and the winter survey in February and early March, by the research vessels "G.O. Sars" and "Johan Hjort" (Institute of Marine Research, Norway) ( Table 1 ). All samples were taken from trawl stations distributed from 70-78 N and 13-44 E in the Barents Sea (Figure 1 ). In BESS surveys, the analysed 0-group and 1-group cod were sampled each year during [2005] [2006] [2007] [2008] . Two standard survey trawls were used: (i) pelagic Harstad trawl with a 10-mm (stretched) inner mesh in the codend, and (ii) bottom Campelen 1800 trawl with a 22-mm (stretched) mesh codend (Anonymous, 2008) . Pelagic trawling was normally conducted at three depth ranges: 0-20, 20-40, and 40-60 m for 10 min at each depth, equivalent to a distance of 0.5 nautical miles at a speed of 3 knots (Mjanger et al., 2013) . When echo registrations showed layers of 0-group fish deeper than 60 m, similar trawling at 60-80 m was also included. Although bottom trawling in the BESS does not deliberately target 0-group fish that typically remain in upper pelagic layers during the survey, 0-group cod were found in bottom trawl catches, although less frequent than in the pelagic trawl. These bottom trawl caught 0-group cod were sorted from larger juvenile and adult cod, but 0-group overlapped in size with a proportion of smaller 1-group cod and, therefore, were included in the samples. In the winter survey, newly settled cod juveniles (now 1-group) were sampled in 2006 and 2009, where only bottom trawling was conducted using Campelen 1800, as in the BESS. In both survey series, up to 100 cod were randomly sampled from the total catch at each station and frozen (-18 C) for later measurements and analysis. Handling of trawl catches was conducted according to standard procedures (Mjanger et al., 2013) . All geographical and technical survey data used in this study were retrieved from the IMR Central Database. All cod measured on board up to 22 cm (rounded down to the nearest cm) are presented (Figure 2 ). Means and SD of fish length (TL), fish weight (WW), relative condition factor (RCF), otolith crenulation index (CRI), and time of sampling (Calendar day) are summarized for the age groups of "0 s ", "1 w ", and "1þ s " ("s" for summer and "w" for winter) for the 2004-2008 cod cohorts. *The mean values of the 1þ s -group do not represent the true population means since 1þ s -group cod was not targeted during sampling.
Fish measurements
In the laboratory, frozen samples were thawed for ca 1 h prior to taking individual fish measurements of wet weight (WW, in gram), standard length (SL, in mm), and total length (TL, in mm). In cases of damaged caudal fins ($3%), TL was estimated from the TL/SL relationship (r 2 ¼ 0.999, p < 0.001), where TL was, on an average, 9.8% larger than SL. The relative condition factor (RCF) of each juvenile was calculated by the formula:
where the coefficients a and b were determined empirically from the consulted data (n ¼ 3138) by linear regression on the log 10 -transformed variables of TL and WW (Le Cren, 1951). The linear regression equation was: log WW est ¼ -5.38 þ 3.12 Â log TL (r 2 ¼ 0.97, p < 0.001).
Otolith imaging and shape analysis
Sagittal otoliths (henceforward only referred to as otoliths) were extracted from up to 20 random individuals from each trawl sample. In the 2005 and 2006 surveys, up to 48 otoliths per trawl sample were extracted. Each otolith pair was photographed on the proximal side with a Nikon DS-Fi1 digital camera with controller DS-U2 mounted on a Leica MZ9.5 stereo microscope, using Nikon NIS Elements F (version 2.30) imaging software. The magnification was adjusted to the size of the otoliths, using either 1.6Â or 1.25Â. The images (JP2000, 2560 Â 1920 pixels) were slightly overexposed on a black background to achieve a sharp white otolith edge under reflected light from two pipe lights (one on each side of the otoliths). The camera was set with a gain of 1.0 and a shutter time of 0.02-0.06 s, depending on the proximity of the light arms. Left otoliths were used since there is no systematic difference in size or shape between left and right otoliths in Atlantic cod (Suthers, 1996; Neat et al., 2008) . Calibration images were captured at the beginning of each work session and in cases of changes magnification. In total, otoliths from 1685 fish were photographed and measured for otolith area (OA), otolith perimeter (OP), otolith length (OL), otolith width (OW), and circularity (CI) using ImageJ software v.1.51g (Rasband, 2016) . OL and OW were based on maximum and minimum Feret (calliper) diameter, respectively, and CI was based on the OA-OP relationship as follows:
However, both otoliths with an elliptic shape or a crenulated perimeter will show low circularity values. Therefore, a modified CI descriptor (CI mod ) was developed by multiplying CI with the OL/OW component, which differentiate ellipticity from crenulation. The resulting index will then be relatively lower for crenulated shapes than elongated shape, compared to the circularity index:
The CI mod values were then reflected over the mean value, so numbers increased with otolith crenulation (or lobe formation), hereafter referred to as CRI (crenulation index), where
If the left otolith was damaged, deformed, or crystalline (vaterite), the right otolith was used.
Otolith transverse sections and age verification
In the search for macrostructural settlement checks in 52 randomly selected otoliths, transverse sections of otoliths were examined for growth from core to edge, annotating potential checks or onset of winter annulus to the edge (0-group n ¼ 19, and wintersampled 1-group cod, n ¼ 33) for both the repeatedly sampled cohorts of 2005 and 2008. The otoliths were embedded in epofix resin with hardener (Struers A/S, Ballerup, Denmark) and cut in Ontogenetic development of cod otolith shape 400-500 lm thick transverse sections through the core using an Isomet 1000 low-speed saw (Buehler Inc., Lake Bluff, IL). Sections were ground and polished to a thickness of 100-300 lm and photographed under a dissection microscope at 6.0Â magnification, with the same camera setup as used to photograph the whole otolith. To ascertain that shape discrimination could also be applied (see Results section), an additional 20 otoliths from the summer-sampled juveniles were transversally cut and aged based on presence or absence of annuli; 10 of 0-group and 10 of 1-group cod.
Statistics
Generalized linear models (GLMs) were used to test for differences in mean body sizes (WW and TL), body condition (RCF), and otolith shape (CRI) between age groups (d.f. ¼ 2), cohorts (d.f. ¼ 3) or trawl type member (d.f. ¼1). A Hartleys' F max was consulted to test for similarities in variance. GLM ANOVA was used to test for differences in regression coefficient and intercepts between age groups of the log OA-log OP and TL/CRI relationship and cohorts in the regression of TL/CRI (only 0-group). Due to unbalanced samples of 0-group cod between cohorts and between trawl types, and because the mean OL differed between these groups, the OL effect on the CRI was eliminated by using the residuals of the OL/CRI relationship of 0-group otoliths >2.4 mm OL (RES OL/CRI ). Therefore, using GLMs, RES OL/CRI was used (instead of CRI) when testing differences in means between cohorts, and GLM ANCOVA when testing difference in regressions between trawls in the calendar day-RES OL/CRI relationship, only in 0-group cod. Kolmogorov-Smirnov (K-S) two-sample tests were applied on cumulative distributions of TL, RCF, and CRI, testing differences between 0-group and 1-group cod from the 2005 and 2008 cohorts. Statistical analyses were carried out in Statistica 13 (Dell Inc., 2015) .
Results
Length distribution from surveys
The use of fish length was not adequate to discriminate between age 0 and age 1 cod on the BESS survey because of size overlap (between 11 and 14 cm TL) despite a significant difference (GLM, p < 0.001). A similar body size overlap was confirmed in the overall survey data from the BESS and the winter surveys in the period 2005-2009, which is based on more extensive on-board fish measurements (n (TL < 22 cm) ¼ 60 348) than in the present study (Figure 2 ).
Age discrimination
The present discrimination criteria resulted in three groups of fish defined by age and season (of the year): (i) 0-group and (ii) 1þ-group cod that were sampled during the BESS survey, hereafter referred to as 0 s -group and 1þ s -group cod ("s" for summer), respectively, and (iii) 1-group cod sampled during the winter survey, hereafter referred to as 1 w -group cod ("w" for winter). These age groups could be identified based on the OP-OA relationship, where two noticeable different otolith shapes in all otoliths (n ¼ 1685) were observed in the log OP-log OA scatterplot (Figure 3 ). Both the winter sampled 1 w -group otoliths, together with a smaller proportion of the BESS-sampled otoliths, had a significant lower slope in the OP-OA regression than the larger group of the BESS otoliths (GLM ANCOVA, p < 0.001). The group of BESS otoliths with the lower regression slope was regarded as 1þ s -group (n ¼ 83) because of their similarity to the 1 wgroup otoliths (n ¼ 123) (GLM ANCOVA, p ¼ 0.16). These 1þ s individuals were also significantly largest (GLM, p < 0.001). The dominant group of BESS otoliths with the higher OP-OA regression slope were regarded as 0 s -group (n ¼ 1479) because 0-group cod were the main target for the sampling at the BESS survey (thus dominating in the material; Table 1 ) and their smaller sized otoliths.
Age verification from seasonal otolith growth patterns
The shape discrimination method was supported by age reading of transverse otolith sections from the 10 largest 0 s -group cod and the 10 smallest 1þ s -group cod, which would have the highest probability of being discriminated to an incorrect age group. Age was found to correspond unambiguously with the above otolithshape-designated age groups. No annuli were found in the 0 sgroup otoliths (nor any settling checks that could be confused with an annulus), while a clear annulus were found in each of the 1þ s -group otoliths. Additionally, age was confirmed in the 52 randomly selected otoliths for macrostructural examination. All 0 s -group otoliths were lacking settling checks, while translucent marginal increments were found in 22 of 33 1 w -group otoliths that probably represented the onset of the first annulus, but could also potentially have coincided with time of settlement. Macrostructural settlement checks prior to onset of first annulus were, however, not detected in 1 w -group otoliths.
Otolith lobe formation and settlement
Overall, the distinct lobate 0 s -group otoliths had significantly higher CRI than the 1 w -group and 1þ s -group otoliths (GLM, p < 0.001), which had a less distinct lobe and a smoother surface (Figure 4) . This difference was also significant within each of the two cohorts (2005 and 2008) that were sampled in both summer and winter represented in both age groups (GLM, both p < 0.001). The otolith shape development throughout the juvenile period (0 s -group at 4-6 months of age, 1 w -group 10-11 months, and 1þ s -group 16-18 months) showed, however, that CRI increased with fish size in all the age groups, especially in the 0 s -group ( Figure 5 ). However, this trend was interrupted by a Figure 3 . Relationship between log otolith area (OA) and log otolith perimeter (OP) of otoliths of juvenile age 0 and 1 Barents Sea cod from the Barents Sea Ecosystem Survey (BESS; circles) and the winter survey (WS; triangles). Two groups of otolith shapes were non-overlapping and could be separated by a fitted linear cut-off line (log OP ¼ 0.549 þ 0.658 Â log OA).
noticeable drop in CRI in fish between 10 and 13 cm during autumn. This explains why the 1 w -and 1þ s -group were less lobed than the 0-group otolith. The rapid increase in CRI with TL of 0 sgroup cod was evident in all years (GLM, all r 2 > 0.40, all p < 0.001), although between-year variations did occur (GLM ANOVA, p < 0.001). Throughout age 1, from first winter (1 wgroup) to next summer/early autumn (1þ s -group), the CRI was relative stable, but still somewhat increasing with size and age (GLM, r 2 ¼ 0.26, p < 001). However, among the 0 s -group and 1þ s -group fish that were overlapping, CRI was still noticeably lower in the 1þ s -group otoliths and not overlapping with the 0 sgroup, of which group that were sampled simultaneously at the BESS. For the sake of completeness, overviews of all mean values of TL, WW, RCF, and CRI of each cohort-specific age group and sampling days were presented (Table 1 ).
Age and cohort-specific differences
Although total length, body condition, and CRI were different between the 2005 and 2008 cohorts, the difference from summer to winter (0 s -group vs. 1 w -group) were larger in all the variables (Figure 6a 
Pelagic vs. bottom trawling
The 0 s -group juveniles were generally bigger (TL) in bottomtrawl catches in all years (GLM, p < 0.01), except for 2005 (GLM, p ¼ 0.38) (Figure 7) . The RCF was, however, significantly lower in the bottom trawl (despite the bigger fish size) in all years (GLM, p < 0.01) except for 2007 (GLM, p ¼ 0.32). Also, the RES OL/CRI of 0 s -group cod otoliths was lower in the bottom trawl than in the pelagic trawl (GLM, year 2005 (GLM, year -2007 , p < 0.001 and year 2008, p < 0.05). In contrast to the strong and positive CRI/TL relationship in the 0 s -group fish, the RES OL/CRI decreased steadily with time during the BESS, indicating an early reduction in otolith lobes, before the clear drop between later in autumn. This reduction was evident in both trawl types (Figure 8 ), but decreased somewhat faster in fish from the pelagic trawl (r 2 ¼ 0.53, p < 0.001, RES OL/CRI ¼ 1.87À0.0075 Â calendar day) than in the bottom trawl (r 2 ¼ 0.30, p < 0.001, RES OL/CRI ¼ 1.41À0.0058 Â calendar day) (GLM ANCOVA, p < 0.001).
Discussion
In this study, marked temporal changes in otolith shape of juvenile BS cod were documented and used to objectively discriminate between age 0 and age 1 cod from the BESS survey. Discrimination between fish species (Yu et al., 2014) , fish stocks (Campana and Casselman, 1993; Stransky et al., 2008) , spawning grounds (Galley et al., 2006) , and age (Beyer and Szedlmayer, 2010 ) based on otolith shape has been demonstrated in various data sets, also with respect to ageing of Atlantic cod (DoeringArjes et al., 2008) . Common for these studies is that the discrimination methods are based on complex Fourier descriptors and/or multiple morphometric descriptors, typically using multivariate analysis or principal component analysis. However, in this study, only two otolith morphometric descriptors (otolith area and perimeter) were found necessary to discriminate between age 0 and age 1 cod, which later was verified by traditional age reading. Consequently, this allowed the 1685 cod juveniles to be objectively classified by their respective groups of age 0 and age 1þ without the need for traditional age reading based on otolith increment counts. The current use of digital otolith-shape analysis for age discrimination has not only the potential of being automated for time-and cost-effectiveness, but it may also remove uncertainties that may be introduced through subjective age reading, i.e. that potential otolith checks or false annuli may bias the age estimation (Wright et al., 2002; Neat et al., 2008) .
The increased CRI with total length prior to settlement was evidently a result of progressing otolith lobes, as they originate from Figure 4 . Left otolith from three specially selected juvenile Barents Sea cod of similar size (TL ¼ 127 mm) from the 0 s -, 1 w -, and 1þ sgroup ("s" for summer and "w" for winter). Otoliths are photographed with sulcus (proximal side) facing camera and rostrum pointing up. Scale bar ¼ 1 mm. Figure 5 . The relationship between total length (TL) and otolith crenulation index (CRI) in juvenile Barents Sea cod from the age groups 0 s -group (circles, "s" for summer); 1 w -group (triangles, "w" for winter); and 1þ s -group (squares). The dashed trend line indicates the direction of change in CRI with growth.
Ontogenetic development of cod otolith shape secondary growth centres (accessory primordia) that are typically associated with the larval-juvenile stage transition (Gartner, 1991) . Similar to the otoliths from the pre-settled BS 0 s -group cod (5-12 cm TL) in the present study, lobe formation was documented to increase in early juvenile Baltic cod of 3-7 cm SL (Hüssy, 2008) (Note: in our analysis, TL was found to be 9.8% larger than SL, see above). Moreover, the progression of lobes was suggested to continue beyond the early life stages and well into the late juvenile period of Baltic cod, up to 20-30 cm SL. This differs from BS cod, where transient but distinct reduction in CRI evidently occurred during autumn/early winter, after the BESS survey in August/September, but before the winter survey in February/ March, in juveniles of 9-14 cm TL. When the 1 w -group cod were sampled, otolith lobes were noticeably less distinct.
The fact that the disruption in lobe development coincides with the period of juvenile settlement in autumn suggests that environmental factors associated with the shift in habitat also affect the otolith shape in cod. Settlement has been suggested to influence otolith shape in the coral reef fish Stegastes partitus by means of changed temperature and food accessibility (VillegasHern andez et al., 2008), which typically influence otolith growth. In BS 0-group cod, settling is typically associated with changes in prey type and availability (Ponomarenko, 1965 (Ponomarenko, , 1979 Renkawitz et al., 2011) , and predation (Tupper and Boutilier, 1995) , which are among the most important factors for growth and postsettlement survival. However, settlement appears to be a gradual process in the Barents Sea (Ottersen et al., 2014) and in other shelf areas (Hüssy et al., 2003b; Bastrikin et al., 2014) , characterized by frequent exploratory migrations towards the seabed before becoming near-bottom associated. Consequently, a change in diet may, therefore, happen gradually. In pelagic 0-group BS cod, just prior to settlement, the diet consists of planktivorous prey items dominated by krill and amphipods (and copepods earlier in summer) (Dalpadado and Bogstad, 2004; Dalpadado et al., 2009) , while the diet of settled 0-group cod seems to include more shrimps, polychaetes, and small fish, but also with krill and amphipods as important contributors (Ponomarenko, 1965 ; and Bogstad, 2004) . Thus, it seems unlikely that diet change alone can explain the major change in otolith shape.
Dalpadado
Furthermore, fish body condition was significantly reduced during autumn, suggesting reduced food intake while settling. Settlement forces juveniles to adapt to both greater depths with less available light and reduced daylight hours or near total darkness in winter (Sundby et al., 2016) . Since cod is mainly a visual predator, this is expected to greatly affect its feeding behaviour and its ability to detect and catch prey items (Meager et al., 2010) . Feeding conditions in the post-settled period contrasts with the pre-settled pelagic period in summer, the latter having much longer daylight at high latitudes (70-78 N) , and thus longer feeding time and overall higher growth (Suthers and Sundby, 1996; Helle, 2000) . Because food intake and metabolism affect general otolith growth (Gauldie and Nelson, 1990) , reduced food intake and growth during settlement can possibly contribute to reduced otolith lobe formation, as found in this study. Recent feeding history has been shown to affect otolith shape in juvenile Baltic cod (Hüssy, 2008) and juvenile coral reef fish (Gagliano and McCormick, 2004) . Higher food consumption has also been suggested to increase otolith growth in the lobe areas (Hüssy, 2008) , where otolith lobes became more opaque due to higher protein levels than in the between-lobe areas. Thus, progressing lobe formation was assumed to be a response to increased protein synthesis with higher food intake. Under low feeding conditions in settling BS cod, the accretion rate in lobe areas may, therefore, be expected to be reduced, permitting the intralobe areas to be filled through regular otolith growth. This would reduce the overall surface crenulations, as observed in the 1 w -group cod otoliths.
Early settlement of BS 0-group cod has previously been indicated by an underrepresentation of 0-group cod in the pelagic trawl towards the end of the BESS (Dingsør, 2006) . Compared to 0-group fish in pelagic trawls, 0-group fish in bottom trawls had lower body condition, despite being bigger, and they had less crenulated otoliths. This suggested that a proportion of the 0-group cod had settled or were undertaking vertical exploratory migrations during this survey. However, due to interannual variations in the factors that may influence timing of fish settlement, spatiotemporal settlement dynamics are also likely to vary between years (Bastrikin et al., 2014) , and thus, may influence 0-group indices differently between years.
Numerous studies on cod show stock-specific otolith shape where both genetics and environmental factors are suggested to explain the differences (Cardinale et al., 2004; J onsd ottir et al., 2006) . Otolith lobe formation seen in BS cod should not uncritically be generalized between different stocks. To which extent stock characteristics of otolith shape are attributed to genetic contributions and environmental factors, or a combination of these, is difficult to study in wild fish and is not well understood. Genetic influence on otolith growth has been demonstrated experimentally in co-reared juvenile BS and NC cod (Otterlei et al., 2002) , and otolith growth rate has been shown to highly influence otolith shape (Campana and Casselman, 1993) . Yet, the different environments inhabited by the two stocks is thought to account for most of the otolith-shape characteristics that distinguish BS and NC cod otoliths (Stransky et al., 2008) . Different preferences of settling area and depth have been reported for pelagic juveniles of BS and NC cod off the coast of northern Norway (Fevolden et al., 2012) . It is, therefore, likely that otolith growth and shape may be influenced differently between fish from the two stocks, independently of genetics. However, because both BS and NC cod juveniles were observed in bottom-trawl catches, it could indicate a colocation of post-settled juveniles from both stocks (Fevolden et al., 2012) . This would eliminate environmental influence as a confounding factor, allowing for future investigations of genetic effects on otolith development over settlement.
Conclusions
In this study, we have documented changes in otolith shape of juvenile BS cod and demonstrated a simple method to objectively discriminate between age 0 and age 1 cod sampled in AugustSeptember (in the BESS) by using only two otolith morphometric descriptors: otolith area and perimeter. A major reduction in CRI (less pronounced otolith lobes) and fish body condition during autumn and early winter was identified, which contrasts with the positive relationship between fish size and CRI seen in pre-settled 0-group cod. This suggests that circumstances associated with settling influence otolith shape and cause otolith lobes of 0-group BS cod to nearly disappear. Decreasing trends in lobe formation combined with lower body condition (despite bigger 0-group fish size) in the bottom trawl compared to the pelagic trawl in the BESS survey indicated early settling behaviour in AugustSeptember, which could lead to an underrepresentation of 0-group cod in pelagic trawl catches. How temporal and spatial variations in settlement occur and to what extent they influence the pelagic trawl catches of 0-group cod in the BESS remain to be clarified. Longer term studies are needed, however, to unravel key factors underlying spatiotemporal settlement dynamics and postsettlement growth and success in BS cod. Comparative studies between colocated BS and NC cod could also help disentangle the genetic role in ontogenetic otolith development and lobe formation.
